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ABSTRACT
Background Non- small cell lung cancer (NSCLC) patients 
bearing targetable oncogene alterations typically derive 
limited benefit from immune checkpoint blockade (ICB), 
which has been attributed to low tumor mutation burden 
(TMB) and/or PD- L1 levels. We investigated oncogene- 
specific differences in these markers and clinical outcome.
Methods Three cohorts of NSCLC patients with oncogene 
alterations (n=4189 total) were analyzed. Two clinical 
cohorts of advanced NSCLC patients treated with ICB 
monotherapy [MD Anderson (MDACC; n=172) and Flatiron 
Health- Foundation Medicine Clinico- Genomic Database 
(CGDB; n=894 patients)] were analyzed for clinical 
outcome. The FMI biomarker cohort (n=4017) was used to 
assess the association of oncogene alterations with TMB 
and PD- L1 expression.
Results High PD- L1 expression (PD- L1 ≥50%) rate was 
19%–20% in classic EGFR, EGFR exon 20 and HER2- 
mutant tumors, and 34%–55% in tumors with ALK, BRAF 
V600E, ROS1, RET, or MET alterations. Compared with 
KRAS- mutant tumors, BRAF non- V600E group had higher 
TMB (9.6 vs KRAS 7.8 mutations/Mb, p=0.003), while all 
other oncogene groups had lower TMB (p<0.001). In the 
two clinical cohorts treated with ICB, molecular groups 
with EGFR, HER2, ALK, ROS1, RET, or MET alterations had 
short progression- free survival (PFS; 1.8–3.7 months), 
while BRAF V600E group was associated with greater 
clinical benefit from ICB (CGDB cohort: PFS 9.8 months 
vs KRAS 3.7 months, HR 0.66, p=0.099; MDACC cohort: 
response rate 62% vs KRAS 24%; PFS 7.4 vs KRAS 2.8 
months, HR 0.36, p=0.026). KRAS G12C and non- G12C 
subgroups had similar clinical benefit from ICB in both 
cohorts. In a multivariable analysis, BRAF V600E mutation 
(HR 0.58, p=0.041), PD- L1 expression (HR 0.57, p=0.022), 
and high TMB (HR 0.66, p<0.001) were associated with 
longer PFS.

Conclusions High TMB and PD- L1 expression are 
predictive for benefit from ICB treatment in oncogene- 
driven NSCLCs. NSCLC harboring BRAF mutations 
demonstrated superior benefit from ICB that may be 
attributed to higher TMB and higher PD- L1 expression 
in these tumors. Meanwhile EGFR and HER2 mutations 
and ALK, ROS1, RET, and MET fusions define NSCLC 
subsets with minimal benefit from ICB despite high PD- L1 
expression in NSCLC harboring oncogene fusions. These 
findings indicate a TMB/PD- L1- independent impact on 
sensitivity to ICB for certain oncogene alterations.

INTRODUCTION
PD-1/PD- L1 immune checkpoint blockade 
(ICB) has revolutionized the treatment of 
many cancer types, including non- small cell 
lung cancer (NSCLC). ICB has the potential 
to induce durable responses; however, the 
response rate from single agent ICB is only 
15%–20%.1–3 High PD- L1 expression4–6 and 
high tumor mutational burden (TMB)7–10 
have been well documented to be associated 
with superior benefit from ICB in NSCLC. 
However, driver alterations in EGFR and 
ALK oncogenes have been associated with 
cold immune microenvironment11 and poor 
outcomes from ICB therapy.1 9 12–14 More 
recently, a study on the IMMUNOTARGET 
registry demonstrated distinct patterns of 
responses to ICB in NSCLC patients carrying 
rare canonical oncogene alterations.15 
These data highlighted the critical impact 
of oncogene alterations on response to ICB. 
However, due to the scarcity of these rare 
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oncogene- altered NSCLCs treated with ICB, the numbers 
of patients for certain oncogene groups were relatively 
small precluding definitive conclusions. Furthermore, the 
mechanisms underlying these distinct responses, and the 
impact of oncogene alterations on TMB, PD- L1 expres-
sion and on their predictive values are largely unknown, 
primarily due to lack of appropriate molecular and clin-
ical data from rare oncogene- altered NSCLC patients 
treated with ICB.

To fill this void, we leveraged a large NSCLC cohort 
of 4189 patients, including 4017 NSCLC patients with 
oncogene alterations, TMB and PD- L1 data as well as two 
large registry cohorts consisting of 1066 NSCLC patients 
treated with ICB monotherapy to assess the impact of 
oncogene alterations on TMB, PD- L1 expression and 
clinical outcomes from ICB therapy.

METHODS
Biomarker cohort
FMI biomarker cohort
A total of 4017 NSCLC patients with molecular data 
including oncogene alterations, TMB and PD- L1 expres-
sion from the FMI FoundationCORE database were 
analyzed to assess the impact of oncogene mutations on 
TMB and PD- L1 (hereafter referred as FMI biomarker 
cohort).

Clinical cohorts
MDACC cohort
GEMINI, a MD Anderson lung cancer database was 
queried. A total of 172 patients with advanced NSCLC 
whose tumor harbored oncogene alterations (see ‘Onco-
gene alterations’ section) and treated with single- agent 
ICB (pembrolizumab, nivolumab, atezolizumab, and 
durvalumab) between January 2014 and May 2018 were 
included. Data were collected through chart review, and 
dataset was locked on April 5, 2019. The GEMINI data-
base is approved by the MD Anderson Cancer Center 
(MDACC) Institutional Review Board (IRB), and all 
patients signed informed consent.

Clinico-Genomic database (CGDB) immunotherapy cohort
The Flatiron- Foundation Medicine Inc CGDB, which is a 
clinically annotated subset of the FMI biomarker cohort, 
was queried and a total of 894 patients with advanced 
NSCLC harboring oncogene alterations (as defined in 
the ‘Oncogene alterations’ section) and treated with 
single- agent ICB between January 2011 and December 
2018 were included (hereafter referred as CGDB immu-
notherapy cohort).

CGDB chemotherapy cohort
To understand whether the impact of oncogene alter-
ations was specific to ICB, we also queried the Flatiron- 
Foundation Medicine Inc CGDB for patients with 
advanced NSCLC with oncogene alterations (as defined 
in the ‘Oncogene alterations’ section) and treated with 

combination or single- agent chemotherapy (hereafter 
referred as CGDB chemotherapy cohort). The study was 
IRB approved and included a waiver of informed consent. 
Data were collected from database repository, and dataset 
was locked on December 31, 2018.

This study was conducted in accordance with ethical 
guidelines including Declaration of Helsinki and US 
Common Rule.

Oncogene alterations
For the MDACC Cohort, genomic profiling informa-
tion was obtained through Clinical Laboratory Improve-
ment Amendments certified laboratory assay results 
annotated in the GEMINI database. For the CGDB and 
FMI biomarker cohorts, the information was obtained 
from respective data repositories and sequencing was 
performed by FoundationOne assay.

Oncogene alterations included in this study are: BRAF: 
codons 457–723, including V600E and non- V600E; 
EGFR exon 20: codons 762–823 (T790M mutation not 
included); HER2: codons 755 and 770–785; KRAS: codons 
12, 13, 33, and 61; classic EGFR: exon 19 deletions and 
exon 21 p.L858R mutation (±T790M mutation); MET: 
exon 14 skipping mutations; and ALK, ROS1, and RET: 
gene fusion/rearrangements.

Tumor mutational burden
For the CGDB cohorts and for the FMI biomarker 
cohort, TMB was determined through tissue- based next- 
generation sequencing (FoundationOne). TMB was 
defined as all mutations (including all non- synonymous 
and synonymous mutations with germline variants and 
driver mutations excluded) divided by the total covered 
exonic regions16 and presented as number of mutations/
megabase (Mb). High TMB is defined as ≥10 mutations/
Mb, corresponding to FMI diagnostic test definition of 
high TMB or ≥16 mutations/Mb based on OAK and 
POPLAR trials.17 TMB data was not available for the 
MDACC cohort.

PD-L1 staining
For the MDACC cohort, PD- L1 staining was obtained 
from pathology reports. For the CGDB cohorts, PD- L1 
status was obtained from data repository. For the FMI 
biomarker cohort, PD- L1 staining was assessed through 
immunohistochemistry using the 22C3 PharmDx assay 
(Dako North America). PD- L1 expression was quantified 
by tumor proportional score (TPS) and defined as posi-
tive (≥1%) or negative (<1%), and high (≥50%) or low 
(1%–49%).5 6 18

Statistical analysis
Progression- free survival (PFS) was defined as time from 
starting treatment until disease progression or death. 
Overall survival (OS) was defined as time from starting 
treatment until death. Patients without an event were 
censored at last follow- up. Left truncation method was 
applied to real- world PFS and OS analysis to adjust for 
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situations where molecular profiling occurred after the 
start of treatment.19

Kaplan- Meier method was used to estimate PFS and 
OS, and differences were assessed by log- rank test. HRs 
and 95% CIs were determined through Cox proportional 
hazards model. Multivariable analysis was performed 
using the Cox regression method. Best response to ICB 
treatment determined through RECIST V.1.1 was avail-
able only for MDACC Cohort. The KRAS group was 
used as the reference comparator because: (1) it was 
the most commonly mutated oncogene in these cohorts 
of NSCLCs; and (2) KRAS- mutant NSCLCs constitute a 
heterogeneous patient population that have been shown 
to have similar prognosis compared with KRAS wild- 
type patients20–23 and to derive similar benefit from ICB 
therapy when compared with KRAS wild- type NSCLC 
patients.1 24

Differences in categorical variables were assessed 
through χ2 or Fisher’s exact test with Bonferroni method 
for between group comparisons. Continuous variables 
were tested for normality using Shapiro- Wilk test, and 
Dunn’s test with Benjamini- Hochberg correction was used 
for between group comparisons. Significance was estab-
lished at p value ≤0.05. Statistical analysis was performed 
on GraphPad Prism V.7.0 (La Jolla, California, USA), 
IBM SPSS Statistics V.24.0 (Armonk, New York, USA), 
SAS (Cary, North Carolina, USA), and RStudio V.3.5.5 
(Boston, Massachusetts, USA).

RESULTS
TMB and PD-L1 are associated with clinical benefit from 
immunotherapy in oncogene-driven NSCLC
We first analyzed the CGDB immunotherapy cohort 
(median follow- up 17.8 months (95% CI 15.6 to 19.8)) 
to assess the predictive performance of TMB or PD- L1 
for benefit from ICB in oncogene- driven NSCLC. We 
observed that higher TMB using either 10 or 16 mut/Mb 
as the cut- off was associated with longer PFS (TMB ≥10 vs 
<10 mut/Mb: HR 0.61, 95% CI 0.50 to 0.75, p<0.001; 
TMB ≥16 vs <16 mut/Mb: HR 0.52, 95% CI 0.39 to 0.69, 
p<0.001), and longer OS (TMB ≥10 vs <10 mut/Mb: HR 
0.79, 95% CI 0.64 to 0.97, p<0.001; TMB ≥16 vs <16 mut/
Mb: HR 0.69, 95% CI 0.51 to 0.92, p<0.001) consistent 
with previous findings.7 8 10 17 Positive PD- L1 expression 
was associated with longer PFS (PD- L1 positive vs nega-
tive: HR 0.48, 95% CI 0.30 to 0.77, p<0.001), but the 
difference did not reach statistical significance for OS 
(PD- L1 positive vs negative: HR 0.66, 95% CI 0.39 to 
1.10, p=0.095). In a multivariable analysis, higher TMB 
was significantly associated with longer PFS (TMB ≥10 vs 
<10 mut/Mb: HR 0.66, 95% CI 0.53 to 0.82, p<0.001; 
TMB ≥16 vs <16 mut/Mb: HR 0.56, 95% CI 0.42 to 0.76, 
p<0.001) (online supplemental table 1A,B), and longer 
OS (TMB ≥10 vs <10 mut/Mb: HR 0.76, 95% CI 0.61 to 
0.96, p=0.019; TMB ≥16 vs <16 mut/Mb: HR 0.66, 95% CI 
0.49 to 0.89, p=0.006) (online supplemental table 2A,B). 
PD- L1 expression was also associated with longer PFS 

(TMB cut- off of 10: PD- L1 positive vs negative: HR 0.57, 
95% CI 0.35 to 0.92, p=0.022) (online supplemental table 
1A).

Oncogene alterations were associated with distinct clinical 
outcomes from ICB therapy
We next assessed the impact of oncogene alterations 
on clinical outcome from ICB treatment using 1066 
oncogene- altered advanced NSCLC patients (n=172 from 
MDACC cohort: median follow- up 29.1 months (95% CI 
26.2 to 33.6); and n=894 from CGDB immunotherapy 
cohort: median follow- up 17.8 months (95% CI 15.6 to 
19.8)) (online supplemental figure 1A,B). As outlined 
in online supplemental table 3, BRAF and KRAS groups 
were enriched for smokers (p<0.001) in both MDACC 
cohort and CGDB immunotherapy cohort, while patients 
in the classic EGFR group received more prior treatment 
lines (p<0.001) compared with other genomic groups, 
likely due to higher likelihood of prior exposure to TKIs 
(p<0.001). Since KRAS- mutant NSCLC constituted the 
largest population in both MDACC cohort (n=87) and 
CGDB immunotherapy cohort (n=601) and have been 
previously shown to have similar prognosis compared 
with KRAS wild- type patients20–23 and to derive similar 
benefit from ICB therapy when compared with KRAS 
wild- type NSCLC patients,1 24 we used the KRAS group as 
the reference for outcome analysis.

In the MDACC cohort, the BRAF group had the 
longest PFS among all genomic groups (BRAF 7.4 vs 
KRAS 2.8 months, HR 0.36, 95% CI 0.14 to 0.88, p=0.026) 
(figure 1A), while classic EGFR and HER2 groups had 
the shortest PFS (1.8 and 1.9 months, respectively) 
(figure 1A). The same trend remained in subsequent 
multivariable analysis adjusting for PD- L1 expression and 
smoking status (TMB data were not available for MDACC 
cohort) (p=0.032 for BRAF group, p=0.022 for Classic 
EGFR group, and p=0.116 for HER-2 group, online supple-
mental table 4). Compared with the KRAS group, OS was 
numerically longer in BRAF group, but the difference was 
not statistically significant (35.6 vs 16.8 months, HR 0.65, 
95% CI (0.26 to 1.63), p=0.363). Meanwhile patients with 
classic EGFR mutations had the shortest OS (11.3 months, 
95% CI 5.8 to 16.9, HR 2.01, p=0.006) (figure 1B). Similar 
trends were observed in a multivariable analysis adjusting 
for PD- L1 expression, although the difference was not 
significant (BRAF vs KRAS: HR 0.69, p=0.454; classic EGFR 
vs KRAS: HR 1.49, p=0.263; online supplemental table 5). 
Furthermore, the BRAF group also had highest objective 
response rate (ORR) (62%) among all oncogene groups 
(Fisher’s exact test p<0.001). Compared with the KRAS 
group, the common comparator, this difference was not 
statistically significant (62% vs 24%, p=0.364) (figure 1C). 
Importantly, two of three patients with BRAF V600E 
mutations had recently progressed on vemurafenib and 
achieved durable responses at 35+ and 20+ months post 
treatment on ICB. There were seven patients harboring 
ALK fusion (n=2), RET fusion (n=2) or MET exon 14 skip-
ping mutations (n=3) in the MDACC cohort. Except for 
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two patients with MET mutations who had stable disease, 
all remaining five patients had progressive disease as best 
response. Results for PFS, OS and ORR are summarized 
in table 1.

Consistent with the results from the MDACC Cohort, 
the BRAF groups in the CGDB immunotherapy cohort 
had the longest PFS (V600E 9.8 and non- V600E 5.4 
months) (figure 1D and table 1) and OS (V600E 20.8 
and non- V600E 14.9 months) (figure 1E and table 1) 
among all genomic groups although the difference did 
not reach statistical difference. Meanwhile, patients with 
classic EGFR mutations had significantly shorter PFS 
(figure 1D and table 1). Similar to classic EGFR group, 
patients with oncogene fusions (ALK: n=19; ROS1: n=3; 
RET: n=14) had poor outcomes with a trend for shorter 
PFS compared with the KRAS group. The MET exon 
14 mutation group (n=34) also had a short PFS of 2.7 

months, but the difference was not significant compared 
with the KRAS group (HR 1.13, 95% CI 0.69 to 1.84, 
p=0.59) (figure 1D and table 1). In a multivariable anal-
ysis adjusting for TMB, PD- L1 expression, and smoking 
status, BRAF V600E had longer PFS compared with the 
KRAS group (TMB cut- off of 10: HR 0.58, 95% CI 0.35 to 
0.98, p=0.041; TMB cut- off of 16: HR 0.63, 95% CI 0.38 to 
1.05, p=0.074) (online supplemental table 1A,B).

KRAS- mutant group is the largest group in our cohorts, 
and we therefore assessed whether different KRAS- mutant 
alleles are associated with distinct clinical outcome from 
ICB treatment. As shown in online supplemental figure 
2A–E, ORR and survival were similar between G12C, 
G12D and G12V subgroups.

To understand whether the impact of these oncogene 
alterations was only present on clinical outcome from ICB, 
we analyzed the CGDB chemotherapy cohort (n=933) for 

Figure 1 Clinical outcomes for oncogene- driven non- small cell lung cancers on treatment with single- agent PD-1/PD- L1 
immune checkpoint inhibitor. (A) PFS in MDACC cohort; (B) OS in MDACC cohort; (C) waterfall plot for ORR in MDACC cohort 
for patients with measurable disease; (D) PFS in CGDB immunotherapy cohort; (E) OS in CGDB immunotherapy cohort. 
*Patients harboring V600E alteration in the BRAF group. CGDB, Clinico- Genomic database; PFS, progression- free survival; OS, 
overall survival.
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clinical outcomes on treatment with chemotherapy across 
the same NSCLC oncogene groups (online supplemental 
figure 1C, online supplemental table 6). These analyses 
demonstrated that the fusion group (ALK: n=39; ROS1: 
n=12; RET: n=14) had the longest OS with chemotherapy 
(27.2 months in fusion group vs 11.7 months in KRAS 
group, HR 0.50, 95% CI 0.34 to 0.74, p<0.001) (online 
supplemental figure 3A). This difference remained 
significant in a multivariable analysis adjusting for prior 
TKI therapy (HR 0.48, 95% CI 0.33 to 0.71, p<0.001). 
Otherwise, PFS or OS was not different between onco-
gene groups (online supplemental figure 3A,B).

Oncogene-driven lung cancers show distinct patterns of PD-
L1 expression and TMB
We leveraged the 4017 NSCLC patients from FMI 
biomarker cohort to assess the impact of oncogene 
alterations on PD- L1 expression and TMB. High prev-
alence of PD- L1 positivity (TPS ≥1%) was observed in 
MET (115/145, 79.3%), RET (42/54, 77.8%), BRAF 
V600E (89/118, 75.4%), ROS1 (40/55, 72.7%) and 
ALK (136/194, 70.1%) groups, and low prevalence was 
observed in tumors harboring EGFR exon 20 (75/166, 
45.2%), HER2 (50/105, 47.6%), classic EGFR (exon 19 
deletion and exon 21 L858R) (368/732, 50.3%), and BRAF 
non- V600E (116/208, 55.8%). Compared with KRAS- 
mutant NSCLCs, MET- mutant tumors had higher PD- L1 
positivity rate (TPS ≥1%), while EGFR- mutant tumors had 
significantly lower PD- L1 positivity rate (figure 2A) consis-
tent with our previous findings.25 Furthermore, high 
PD- L1 expression (TPS ≥50%) was common in tumors 
harboring alterations in MET (80/145, 55.2%), BRAF 
V600E (57/118, 48.3%), ROS1 fusion (23/55, 41.8%) 
and RET fusion (20/54, 37.0%). Among these, tumors 
harboring MET alterations had significantly higher preva-
lence of high PD- L1 expression (TPS ≥50%), while classic 
EGFR, EGFR exon 20, and HER2 groups had lower prev-
alence of high PD- L1 compared with KRAS group (pair-
wise comparison vs KRAS p<0.050) (figure 2B).

Compared with the KRAS group, TMB was higher for 
BRAF non- V600E group (9.6 mut/Mb (n=208) vs 7.8 
mut/Mb (n=2240); adjusted p=0.003), while all other 
oncogene groups had significantly lower TMB (adjusted 
p<0.001). Of note, ALK (n=194), classic EGFR (n=732), 
HER2 (n=105), RET (n=54), and ROS1 (n=55) groups 
had the lowest TMB with median <3 mut/Mb (figure 2C 
and online supplemental table 7).

DISCUSSION
Oncogene drivers have been long known to determine 
the cancer biology and clinical behavior of NSCLC. In 
addition to the classic targetable genomic alterations 
such as activating EGFR mutations and ALK fusions, 
more and more oncogene alterations defining distinct 
lung cancer groups are being discovered.26 In the era of 
immuno- oncology, emerging evidence has demonstrated 
the profound impact of oncogene drivers on cancer Ta
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immune microenvironment11 27 and benefit from ICB 
treatment.13 15 28 29 However, most of these intriguing find-
ings are based on small cohorts because of the scarcity of 
data on certain genomic groups of NSCLC treated with 
single- agent ICB.13 15 28 29 Furthermore, the association 
between oncogene drivers and established predictive 
markers for benefit from ICB such as PD- L1 and TMB 
has not been systemically studied. To fill this void, we 
leveraged the clinical and molecular data from over 4000 
oncogene driven NSCLC patients and analyzed the asso-
ciation of oncogene drivers and TMB/PD- L1 expression 
as well as the benefit from ICB treatment.

Our study is consistent with previous reports demon-
strating the impact of TMB and PD- L1 expression in 
clinical outcomes from ICB therapy in NSCLC but more 
specifically in a population of oncogene addicted NSCLC. 
Furthermore, BRAF- mutant NSCLC had high TMB 
and PD- L1 expression (figure 2A–C), which may make 
this group more sensitive to ICB therapy. These results 
suggest that ICB is a reasonable choice in the frontline 
setting for BRAF- mutant, PD- L1 + NSCLC given its poten-
tial to induce durable clinical benefit. It remains unclear 
why the outcomes reported for the BRAF groups in the 
MDACC and CGDB immunotherapy cohorts are superior 
when compared with two previously published cohorts 
of BRAF- mutant NSCLC treated with ICB.15 28 Unfortu-
nately, the unavailability of both TMB and PD- L1 data 
across the four cohorts precludes more definitive conclu-
sions. Of note, BRAF +MEK inhibition enhances immune 
responses in preclinical models30 31 and increases dura-
tion of response and PFS in combination with ICB in 
melanoma patients.32 33 Although it remains unknown if 
these combinations have activity in NSCLC, these findings 
suggest that ICB- TKI combinations could be explored in 
BRAF- mutant NSCLC.

KRAS G12C and non- G12C mutant NSCLC patients 
had similar clinical outcome in both analyzed immu-
notherapy cohorts highlighting that mutant allele was 
not associated with clinical outcome on treatment 
with ICB in KRAS- mutant NSCLC. These findings are 
consistent with prior work from our group and others 

highlighting that comutations (eg, STK11, KEAP1, and 
TP53), but not specific KRAS alleles, were associated 
with distinct subgroups with differing biological pheno-
types and response to immunotherapy in KRAS- mutant 
NSCLC.15 34–37 These results suggest that further thera-
peutic intervention is warranted to increase immunoge-
nicity of KRAS- mutant NSCLC. The KRAS G12C inhibitor 
AMG510 resulted in a more inflamed tumor microenvi-
ronment and increased the efficacy of ICB in an immune 
competent mouse model.38 Consequently, clinical inves-
tigation of KRAS G12C inhibitors and ICB combinations 
are ongoing.

Consistent with prior studies, our results also demon-
strated that NSCLC patients harboring classic EGFR 
mutations had inferior outcomes from ICB.1 9 12 13 39–41 
Additionally, we observed EGFR exon 20 and HER2 muta-
tions were also associated with less benefit from single- 
agent ICB. This could be related to low TMB and low 
PD- L1 expression in these tumors. However, EGFR- mutant 
NSCLC tumors have been reported to have decreased 
proliferating and activated CD8 + T cell infiltration,13 
increased adenosine pathway signaling, as demonstrated 
by elevated expression of CD73 and adenosine A1 receptor, 
increased TGF-β signaling, and lower IFN-γ expression.27 
Furthermore, our group has shown significantly lower 
T cell receptor (TCR) clonality implying less reactive 
TCR repertoire in EGFR- mutant NSCLC independent of 
TMB.11 27 These findings indicate molecular mechanisms, 
other than low TMB, contribute to a cold immune micro-
environment in EGFR- mutant NSCLC. Delineating these 
underlying mechanisms will allow development of effec-
tive immunotherapies for EGFR- mutant NSCLC. Contrary 
to EGFR and HER2, NSCLC harboring ALK/ROS1/RET 
fusions or MET exon 14 skipping mutations were found 
to have high PD- L1 expression although with low TMB. 
However, this did not translate to better clinical outcomes 
on ICB therapy as demonstrated by the short PFS and low 
RR in these groups. This suggests that oncogene- specific 
factors other than TMB and PD- L1 expression also impact 
clinical outcome from ICB therapy.

Figure 2 Oncogene- driven non- small cell lung cancers have distinct patterns of PD- L1 expression and TMB – FMI lung cancer 
database. (A) PD- L1 positivity rates; (B) high PD- L1 expression rates; (C) TMB. *Adjusted p<0.05 versus KRAS group; **adjusted 
p<0.01 versus KRAS group. TMB, tumor mutational burden.
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As a real- world study, our study has unavoidable limita-
tions. First, the data are not consistent across different 
datasets, and many important data were missing. For 
example, tumor measurement was not available from 
the CGDB cohorts, which made estimation of ORR not 
feasible so that we were unable to validate the ORR from 
the MDACC cohort. In addition, the MDACC cohort did 
not have TMB data available, which limited further valida-
tion of the impact of TMB in predicting ICB outcome for 
oncogene- driven NSCLC. Second, we focused on NSCLC 
patients with oncogene drivers who received single- agent 
ICB. How these oncogene alterations impact the response 
and survival from ICB in combination with chemotherapy 
remains to be determined in future studies. Third, 
although we have over 4000 patients included, the sample 
size was still small, particularly for patients of certain 
genomic groups. For example, the number of patients in 
the BRAF- mutant group in the MDACC cohort was small, 
and we therefore had to combine V600E and non- V600E 
mutations for formal analysis, which limited us to validate 
the findings from the CGDB immunotherapy cohort and 
hampered further comparisons between V600E and non- 
V600E groups. Fourth, in the CGDB immunotherapy 
cohorts, PD- L1 status was missing in 76%–92% of patients 
and very few patients (n<5) had high TMB (≥10 or ≥16) 
across all oncogene groups with the exception of KRAS 
and BRAF non- V600E groups. This impaired our ability 
to analyze the predictive performance of PD- L1 or TMB 
in each oncogene group. Despite these limitations, our 
study creates a framework of groups of oncogene- driven 
lung cancers with distinct patterns of TMB and PD- L1 
and different clinical outcomes on treatment with ICB 

that can be used for treatment decision in the clinic and 
for clinical trial design (figure 3).
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